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By John P. Rowe and J. W. Freeman
SUMMARY

A study was carried out of the influence of periodic overheats of
2-minute duration to temperatures of 1,650°, 1,800°, 1,900°, and 2,000° F
on the creep-rupture properties of M-252 alloy at 1,500° F. The con-
ditions of the experiments had been selected to provide basic information
applicable to estimation of the effects of overheating on creep-rupture
performance of gas-turbine parts. The overheats were conducted both with
the stress removed during overheating and with stress present.

Overheating M-252 alloy to 1,900° or 2,000° F in the absence of stress
did not reduce creep-rupture life at 1,500o F but actually increased it.
For overheating to these temperstures to reduce rupture life, a stress
sufficient to use up a significant amount of the rupture life must be
present during the overheats. Overheating to 1,650° and 1,800° F with
the stress removed during the overheats reduced rupture life at 1,500° F
although this was not found to be true in the presence of stress.

The increase 1n rupture life of M-252 alloy from overheating was
considered to be the result of structurel changes induced by the higher
temperatures. This behevior was in contrast with the results of previous
studies of S-816 and HS-31 alloys where the high-temperature effect
always reduced rupture life. Summing the effects of temperature and the
percentage of rupbture life used up during the overheats when stress was
present gave close approximations of the actual rupture times in most
cases for tests in which stress was present during the overheats. While
the stress damage can be estimated from rupture data, there does not
appear to be any way to estimate the temperature effects other than by
conducting tests.

Overheating prior to testing does not give the same effect as the
same asccumulated time from periodic brief overheats Juring a test. In
M-252 alloy such prior heating to any of the temperatures considered
reduced rupture strength at 1,500° F.

In M-252 alloy a few periodic overheats had no significant effect
on creep-rupture Llife at 1,500° F other than to accelerate slightly the
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accumulation of small amounts of total deformation. This means that for
a few overheats to affect creep-rupture life of turbine parts signifi- v
cantly & stress sufficlent to use up a significant amount of creep-
rupture life must be present during the overheats. In the absence of
such stresses, damage from a few overheats must arise from some other
factor such as thermal shock or accelerated corrosion. This is the same
as the general previous findings for S5-816 and HS-31 alloys, except that
a significant amount of damage could be introduced into these alloys by
one overheat to 2,000° F of 2-minute duration. For overheating slone

to reduce turbine life significantly repeasted or prolonged overheating
must occur, unless the stress 1s high or temperatures of 2,000° F are
attained with S-816- and HS-3l-alloy parts.

There are a number of limitations to the results and conclusions
which should be considered. The general trends of the effects, however,
are believed to be correct. In particular, care should be exercised in
concluding without further proof that all alloys strengthened by the
alloying of titanium and aluminum will reect in the same way as
M-252 alloy. It 1s also felt that the mechanism of the effects should
be better understood before too much generallzation will be valldated.
The experimental conditions were quite limited, particulerly for tests
under stress during overheating. Also, more information is needed
regarding the influence of such metallurgicel varlables as heat treat-
ment and heat-to-heat differences. v

INTRODUCTION

An investigation was carried out to evaluate the effects of brief
overheats to temperatures of 1,650°, 1,800°, 1,900°, and 2,000° F on the
creep-rupture properties at 1,500° F of M-252 alloy. The obJective of
the investigation was to obtain basliec information on the changes in
creep-rupture properties of the alloy if 1t is exposed to overheating
of the type which might occur during Jet-engine operation. Two previocus
reports on simllar investigations for S-8l6 and HS-31 alloys have been
published (refs. 1 and 2).

The effects of overheating were evalusted in terms of the changes
in creep-rupture characteristices at 1,5oo° F under stresses within the
range of rupture strengths of the M-252 alloy for ebout 80 to 1,000 hours.
The possible effect of overheatling wes consldered to include internsal
structural changes induced by exposure to the higher temperatures and
loss 1n life by creep 1f stress was present during the overheats. The
effect of temperasture was evaluated by starting tests at 1,500o F and
then periodically overheating with the stress removed during the over-
heat periods. Creep damage during the overheats was evaluated by leaving
stress on the speclmens during the overheats. The experiments involving -
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overheating in the presence of stress were designed to check the feasi-
bility of computing damage by an "addibility-of-life-fraction" rule.
This rule postulates that the rupture life st l,500° F would be reduced
the same percentege as the percent of rupture 1life at the overheat tem-
perature represented by the total time under stress.

Overheat periods were predomlnately 2 minutes in duration and were
applied cyclically at approximstely 5- or 12-hour intervals, depending
on the normal rupture time under the stress belng used at 1,500° F.
These schedules were adopted to provide the most useful general results
after conslderation by the Subcommltiee on Power-Plant Materials of the
Netlonal Advisory Committee for Aeronautics of the varisble conditions
under which overheating could occur in Jet-engine service. It should
be clearly recognized that the intent was to develop general principles
and not to evaluate the specific condlitions of overheating which can
occur in & specific jet engine. The investigation was also limited to
the effects of overheating on creep-rupture properties. The overheat
conditione did not include the effects of differential restrained expan-
sion (thermal shock) or the possible effects on such other properties
as fatligue strength and corrosion resistance.

Conslderable difficulty was encountered in obtalning M-252 stock
for the investigation with sufficilently high rupture strength at
l,500° F to be acceptable as typical of the alloy. Several heats were
checked for normal rupture-test properties at 1,5000 F and a few over-
heat tests conducted before approved materlal for the bulk of the investi-
getion was obtained.

: The investigation was carried out by the Englineering Research
Institute of the University of Michigan under the sponsorship and with
the financial asslstance of the NACA. It was part of a general research
investigation studying metallurgical factors involved in the use of heat-
resistant alloys in aircraft propulsion systems.

PROCEDURE

Overheating can be expected to have two main effects on creep-
rupture life at some lower nominal temperature:

(1) A change in subsequent creep-rupture life because of the eXpos-
ure to higher temperature chenglng the intermal structure of
the metal. This is designated "temperature effect"” in sub-
sequent discussions.

(2) Accelerated creep when the temperature is increased in the
presence of stress, subsequently referred to as "stress damsge."
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In addition, the cyclic removal and reapplicatlion of the stress
during the overheat experiments in the absence of stress could alter the
creep-rupture characteristics. The Iinfluence of overheats could also be
expected to vary depending on the stress level and rupture time at the
nominal test temperature. In consideretion of these factors the following
test program was established.

Evaluation of Test Materisl
The test materlal was evaluated as follows:

(1) Bar stock was supplied by members of the NACA Subcommittee on
Power-Plant Materials for the experimental program. This stock was first
checked for creep-rupbure strength at l,500° F to be sure that its prop-
erties were typical of the alloy. Five heats were checked before mater-
ial with sufficlently high strength to be typlcal was obtalned.

Considerable concern over the level of strength developed when
stock with somewhat low rupture strength exhibited an increase in rup-
ture time at 1,500° F as a result of overheating in the absence of
stress. It seemed necessary to be sure that thilis effect was the dlrect
result of overheating and not due to some part of the stock having low
initial rupture strength at 1,500° F.

(2) Rupture properties were evaluated at the overheat temperatures
as well as at 1,500o F. This was done so that a measure of strength at
overheat temperatures would be avallable for checking the feasibility of
computing demage from overheats when stress was present. Varlious amounts
of this was done on low-strength heats, as well as on the normal-strength
heat finally selected for the bulk of the investigation, before the neces-
slty of using the high-strength material was recognized.

Determination of Temperature Effect From Overheating
in Absence of Stress

The'temperature effect was determined by overheating the specimens
in the absence of stress as follows:

(1) The basic measurement was the effect on the rupture time at
1,500° F of repeated cyclic overheats to 1,650°, 1,800°, 1,900°, and
2,000° F with the stresses at 1,500° F for most of the work selected to
cause rupture in a normal rupture test in 80 or 490 hours. The number
of overheats was varled by stopping overheats after various proportions
of the total rupture life had been expended.
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(2) In addition, the effect of cycling the load at l,500° F was
also studied.

Overheating in Presence of Stress to Establish Stress Damsge

Stress damage caused by overheating the specimens in the presence
of stress was determined as follows:

(1) Consideration of the stress and rupture-time characteristics of
the alloy, as presented later, indicates that the stresses at 1,500° F
used for the study of the effect of overheating in the absence of stress
would be so high as to either use up an unduly learge fraction of the
available life or actually be above the tensile strength if malntained
during the overheats. Thus, only the overheating to 1,650° F and a
limited amount at 1,800° F was done under the stresses which were
employed at 1,500° F.

(2) For the tests overheated to the higher temperatures considered
in this Investigation the stresses present during the overhests were
changed in order to evaluaste the "addibility-of-life-fraction" principle
postulated. The stress used at 1,500° F for most of these tests was
that causing rupture in 490 hours. The stresses selected for use during
the overheat cycles in the presence of stress were determined in the
following way:

(&) It was the intent of this part of the program to establish
test conditlons which would permlt the evaluation of the principle
of adding rupture-life fractlions at the two temperstures used and
then to determine the way in which the effects of the overheat tem-~
perature itself influenced the results obtained. To accomplish
this goal the stress levels were adjusted in such a way as to result
In the use of a significant amount of the avallable life at both
1,500° F and the overheat temperature. It was consldered that the
loss of about 30 percent of the available life at the overheat tem-
pereture would be significant.

(b) Under the stress normally causing rupture in 500 hours at
1,500° F, reducing the rupture life at l,500° F by 30 percent would,
in the absence of any other effect, result in a rupture time of
about 350 hours.

(c) Using a schedule of overheating twice a day, there would
be 29 overheats 1n 350 hours, with a total time at the overheat
temperature of 58 minutes.

(d) For 58 minutes to be 30 percent of the avallasble life at
the overheat temperature, the stress selected for use during the
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overheats had to be that causing rupture in 58/0.3 or 193 minutes.
In most cases then this was the stress selected for overheating.

A few tests were run with the full stress remaining during the over-
heats to check on the effect of overheatling under high stress.

The actual rupture times obtained under these conditions varied
depending on the effect of the temperature which was employed for the
overheats. Thus, the actual amount of the life which was used up at
the overheat tempersture varled from the aim amount of 30 percent. At
the end of each test, however, calculation could be made of the actual
fraction of the normal rupture life at the overheat tempersture and
stress which was represented by the total time of overhesting.

MATERTAL

Five heats of materlal were supplied for consideratlion in this pro-
gram. Three were alr-melted heats and the other two had been melted in
vacuum. Table I shows the reported chemical composition of all the heats
and the source of the material, all of which was supplled gratis in the
form of bar stock.

Initielly 1t was found that the standard heat treatment (4 hours
at 1,950° F, then air-cooled, plus 15 hours at 1,400° F and air-cooled)
produced nonuniform grain size known to cause unpredictebly variable
rupture properties. To avold this difficulty and produce more uniform
materiel, the bar stock from all of the heats was hot-rolled to 1/2-inch
broken-cornered squares at the University of Michigen. The rolling was
done from l,950° F with one or more reheats depending on the size of the
bars as received for all the heats except the Haynes Stellite vacuum-
melted hest HT'-28. Initlally this heat was also rolled at l,950° F but
subsequent work indicated that higher strength was obtalned if the rolling
was carried out from 2,150° F, and this conditlon of the materisl was used
for the main body of the overheat experiments.

The properties of all of the heats supplied are compared in s later
gsection.

EXPERIMENTAL: TECHNIQUES

Testing Equipment

The creep-rupture testing was carried out ln conventional beam-loaded
creep-rupture units using speclmens with a 0.250-1nch diameter and l-inch
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gage length. FEach sample was accurately measured before testing. Time-
elongatlon data were taken during the teste by the use of a modified
Martens-type optical extensometer with & sensitivity of +0.00001 inch.
The units were equipped with automaticelly controlled furnaces for
heating specimens. Temperature variations along the gage length were
held to £3° F. For all tests the furnaces were turned on and allowed
to come to temperature overnight. The specimens were then placed in the
hot furnace, brought on temperature, and loaded within a meximum of

4 hours.

For overheat tests, the conventional units were modified to permit
resistance heating of the specimens by passing heavy direct current
through the sample. A L40O-ampere, direct-current generator was used as
a power supply. In order to avold disturbing the specimen during the
test, insulated terminal blocks were fastened to the frame of the unit
level with the top and bottom of the furnace. From these terminals,
short leads were fastened to the top and bottom specimen holders before
the test was started. Then, for overheating, it was necessary to attach
the power supply leads to only the terminal blocks, completing the cir-
cuit to the generator field switch. The top specimen holder was insulated
from the frame by means of e Transite insert. The whole circuit was
grounded either through the beam or through an attached ground wire. A
photograph of a unit i1s shown as figure 1.

In order to follow the temperature accurately during an overheat,
a welding technique (ref. 3) was employed to attach Chromel-Alumel thermo-
couples to the specimens and en electronic indlcating potentiometer. A
schematic sketch of this arrangement is shown as figure 2. Temperature
measurement was complicated by two factors. In order to follow the
raplidly changing temperatures during an overheat cycle and effect accu-
rate control, the thermocouple wires had to be welded to the sample.
This was done wlth a percussion-type welder. The welded attachment
melintained the thermocouple bead in contact with the specimen as reduc-
tion in cross sectlon occurred by creep during the tests. In welding
the thermocouple wires on the specimen, however, any minute error in
posltioning elther wire caused the direct current from the generator to
Impress an electromotive force on the thermocouple circuit. This electro-
motive force variled with the magnitude of the placement error and appeared
on the temperature indicator as a temperature effect. To avoid this, two
Alumel wires were employed, one deliberately placed on elther side of the
single Chromel wire. By connecting these two Alumel wires to the extremes
of a variable resistance, the variable tep could be adjusted so that the
two electromotive forces obtalned cancelled each other, leaving only the
thermal electromotive force lmpressed on the Indlcator.

Checks were made of the original callbration and the maintenance of
calibration of the thermocouples. The system used gave accurate
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temperature measurements as installed. The cyclic overheats did not
change the calibration by any more than 1° F at any of the temperatures.

Overheating Procedures

This investigation included three types of overheats: Overheats
before testing, overheats in the absence of stress, and overheats in the
presence of stress. Each type requlred a different procedure involving
the described equipment.

Overheats before testing.- Overheating before testing was carried
out in two weys, depending on the durastion and temperature of overheating.
The procedures used were as follows:

(1) Tests overheated to 1,600° F for long time periods were loaded
in the creep furnasce exactly as for a creep-rupture test. After belng
brought on temperature at 1,500° F, the furnace temperature was ralsed
repidly to 1,600° F, held for the desired time reriod, and then cooled
to 1,500° F. The load was then applied and the test run to rupture.

(2) All samples overheated to 1,650°, 1,900°, and 2,000° F before
testing were prepared in the following manner. A thermocouple was
attached to each sample. A heat-treating furnace was brought on tem-
perature and held to assure equilibrium. The samples were then placed
in the furnace and the time counted from the point at which the tempera-
ture indicated by the attached couple reached 10° F below the desired
temperature. Following completlon of the required time at temperature,
the speclmens were removed from the furnace and air-cooled. They were
then set up and the test run as a standard creep-rupture test.

Overheats in absence of stress.- All overheating done in the absence
of stress was of a cyclic nature where the described cycle was repeated
a predetermined number of times. For these tests the specimens were pre-
pared with a thermocouple welded at the center as described previously
and an additlonal thermocouple mechanlcelly attached at each end of the
reduced section for checks on temperature dlstribution along the gage
length. They were placed in the creep furnace and started exactly as
in a normal creep-rupture test at 1,500° F except that the short power
leads were attached to the specimen holders before stressing. Then,
after the completion of the desired time period under stress at 1,500O F
before the first overheat, the followlng procedure was followed in per-
forming an overheat:

(1) The temperature was checked and an elongation reading made. At
this time, the power leads from the generator were attached to the unit
and the welded thermocouple was connected to the indicating potentiometer.
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(2) The load was removed.

(3) After a 60-second time lapse during which the furnace input was
cut back and the thermocouple circuilt checked, the heating cycle was
initiated by applying the meximum generator output of 40O amperes to the
specimen. When the desired overheat tTemperature was attained, the genera-
tor output was reduced to a value Jjust sufficlent to maintain temperature.

(4) At the end of the established cycle duration, the power supply
was cut off and the specimen allowed to cool. No forced cooling was
employed other than that supplied by having allowed the furnace tempera-
ture to fall below 1,500° F when the input was reduced in step (3).

(5) The loed was reapplied when the temperature reached 1,5100 F.
Because of the asymptotic approach of the specimen temperature to 1,500° F,
this temperature was difficult to establish while the time to reach
l,5lO° F was nearly constant. After reapplication of the load, the fur-
nace was manipulated to bring the temperature to 1,500° F as soon as
possible.

(6) When temperature equilibrium was reestablished at 1,500° F,
elongation measurements were taken again and the test continued to the
next cycle. In plotting the time-elongation data, this reading after
reapplication of the load was assumed to be at the same total deforma-
tion as the reading taken Just prior to removal of the load at the
beginning of the cycle.

(7) Typical time-temperature patterns for overheats of 2 minutes to
each of the temperatures used are shown in figure 3.

Overheats in the presence of stress.- Overheats in the presence of
stress were performed exactly as the ones where stress was absent during
overheats except that the load, or part of the load, was left on the
specimens. Deformation measurements were made before each cycle and
again after equilibrium was reestablished at 1,500o F to measure the
deformation which occurred during each overheat cycle.

Metallurgical Studies

As an aid in evaluating the cause of the measured effects of over-
heating, microstructural examination of the test samples was carried out.
Longitudinal sections of the fractured samples were cut from the gage
length at the fracture. These were mounted and mechanically polished.
The polished surface was then etched electrolytically and examined at
magnifications of 100 and 1,000 dismeters.
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RESULTS AND DISCUSSION

The test results definitely show that for M-252 alloy tested at
1,500O F the effect of overheating in the absence of stress depends on
the temperature at which overheating 1s carried out. Overheating from
1,500o F to temperatures up to 1,800° F can result in a reduction of
rupture life at 1,500° F, while overheating to temperatures of l,900° F

- and 2,000° F can result in a prolongation of rupture life.

When stress was present during an overheat to 1,900° or 2,000° F,
the results reflected & combination of the previously determined tempera-

. bure effects and the loss in rupture life resulting from the presence of

the stress during the overheat. For some conditlions, therefore, the net
effect was an increase in life. When overheating was carried out in the
presence of stress to 1,650° or 1,800° F, the test results were longer
than would be estimated from the anticipated effects of temperature and
stress.

Normal Rupture Properties of Experimental Materisals

Rupture tests were conducted at 1,500° F on the test material for
the following purposes:

(1) To establish curves of stress agailnst rupture time so that
proper stresses could be selected for the overheat tests

(2) To establish the normal rupture-test performance so that the
effects of overheating could be evaluated

In addition, tests were conducted at overheat temperatures so that the
effect of stress during overheats could be evaluated.

When the results of the rupture tests on the first lot of stock
tested, heat L3642, became avallable, it was evident that the rupture
strength at 1,500° F was conslderably below normal (teble II and fig. 4).
Because prelimlnary overheat tests indicated the surprising result that
no damage resulted from overheating in the absence of stress to 1,900° F,
the NACA Subcommittee on Power-Plent Msterials recommended thet further
experiments on this stock be stopped and meterial with normal rupture
strength be obtained. This step was taken to avold the possibility of
erronecus conclusions due to some side effect relsted to abnormally low
strength.

Three additional lots of bar stock, heats A-8133, 837, and A-9586,
were checked and found to have low strength (table II and fig. 4). These
were accordingly rejected from the experimentel program.
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At this point, stock from e vacuum heat, heat HT-28, was offered
by the Haynes Stellite Co., which on the basis of thelr tests had some-
what higher strength then normal. This material was rerolled at the
University of Michigan and tested at 1,5000 F. The rupture strengths
were found to be significantly lower (teble ITII) than hed been reported
by the Haynes Stellite Co. In checking the reasons for the discrepancy,
it was found that the material as tested by Heynes had been given a
"mill anneal™ at 2,150° F prior to the standerd solution treastment at
1,9500 F. When the stock rolled at Michigan was treated the same way,
the strength values reported by Heynes were reached (teble III).

The original rolling at Michigan had been carrlied out wlth a heating
temperature of 1,950° F. The heating temperature was railsed to 2,150° F
in view of the information covered 1n the prevlious paragreph and after
consultetlon with members of the NACA subcommlittee. Thils ralsed the rup-
ture strength somewhat (table II) but did not glve so high values as when
the 2,1500 F mill annesl was used prior to solution treatment. It was
declded, however, to carry out the experimental overheat Investigation
of M-252 alloy using material from heat HT-28 rerolled from 2,150° F at
Michigan without the mill anneal. This procedure was agreed upon with
the NACA subcommittee because the use of such prelimlnary high-temperature
treatments was not standard practice in heat-treatlng blades for Jet-
engine gas turbines. In addition, the strength properties were closer
to average accepted properties for the alloys.

The dlsclosure of the rather pronounced effect of the high-
temperature treatment prior to the standard solution and aging treat-
ment on creep-rupture properties at 1,500° F epparently wes of consider-
able practilcal significence. It 1s salso evident from the data that
conditione of hot-workling had some effect on response to final heat
treatment. It 1s not known now to what degree these two factors were
responsible for the relatively low strength of the stock from the first
four heats checked for the investigetlion and how much was due to chemi-
cal composition and melting-practice effects. Heat 43642 had consider-
ably lower titanlum and aluminum content than the other four heats
(table I). There does not, however, seem to be an obvious reason in
the reported anaslyses for the superilority of heat HI'-28 over the other
three heats. Vacuum-melted heat 837 was stronger than the three air-
melted heats (fig. 4) but was still considerably weaker than heat HT-28.
It seems most probable that all factors were involved but that a msjor
factor wes the influence of working conditlions on response to heat
treatment. '

As discussed in the section entitled "Procedure," the stock was
rerolled at the Unlversity of Michigan with the intent of producing
meterial with highly reproducible rupture times between specimens.
While this procedure was quite successful for S-816 (ref. 1) it was not
so successful for M-252 alloy. The rupture dates at 1,500° F for
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heats HT-28 and 43642 have been shown in figure 5 to show the renge in
rupture times at the stresses used for overheat experiments. These repre-
sent from 75 to 130 percent of the average rupture life at elther of the
two stresses used for heat HT-28 and from 70 to 115 percent at the stress
used for heat 4L3642.

The results of the rupture tests conducted at the overheat tempera-
tures for heat HT-28 are given in table II and are shown graphlcally by
flgure 6. A few tests also conducted on heat 43642 gave the results
included in table II. The number of tests conducted on heat HT-28 at
the higher temperatures was far less than would have been desirable.

The limited amount of stock availaeble, however, prevented more testing.
The rupture times were rather short because the stresses used during the
overheat tests under stress were selected to cause significant damage
during the brief overheat exposure and thus were relatively high.

Overheats on Heat HT-28

The major portion of the progrem wes carried out on heat HT-28.
This included overheating in the absence of stress both cyclically
throughout the test and as a preheat to the overheat temperatures before
testing as well as overheating in the presence of stress cyclically Quring
the test.

Overheating in absence of stress.- Overheats %o 1,6500, 1,800°,
1,9009, and 2,000° F were conducted 1n the absence of stress. Stresses
of both 24,000 psi (stress for rupture in 490 hours) and 34,000 psi
(stress for rupture in 80 hours) were used at 1,500° F. In all of these
tests the load was removed and the specimen overheated for 2 minutes,
cooled back to 1,500° F, and reloaded every 12 hours for the tests under
24,000 psi. For the 34,000-psi tests the overheats were applied every
5 hours. Teste on the materlal exposed to the overheat temperatures
before testing were all run at 34,000 psi at l,500° F. Load cycling
without temperature change at 1,500° F was also studled to determine
how much effect the removal and reapplication of the load had on rup-
ture time.

In eddition to the changes in rupture time due to overheating,
information was obtained on its effect on elongation in the rupture tests,
on the creep curves, and on hardness as follows:

Effect on rupture life at 1,500° F of overheating in the ebsence
of stress: The data (table IV and fig. 7) show that when the stress was
removed from M-252 alloy during a rupture test at 1,500° F and the speci-
men briefly heated to higher temperatures, cooled back to 1,500° F, and
restressed the resultant effect was dependent on the temperature to which
the overheating was carried out and to some extent on stress which was
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present at 1,5000 F between the overheats. Figure 7 1s drawn to show the
estimated average effect of the overheatling as indicated by the availlable
data. The curves as drawn are extended to the limiting line which repre-
sents the maximum number of overheets which could be obtained at any time
using the flxed cycles whlch were employed. Since the results are plotted
here 1n terms of the percentage of normal life represented by e glven test
result, three lines are shown to account for Inherent scatter in the rup-
ture data. These lines represent the rate of accumulation of overheat
cycles for minimum-, average-, and maximum-strength material indicated

by figure 5 as various percentages of 1ts llfe are attained. The curves
which represent the effect of overheating on rupture time are thus termi-
neted as they reach these limiting lines.

The following effects are indlecated in figure T:

(1) Overhesting to 1,650° or 1,800° F resulted in a decrease in life
which became greater as the amount of overheating increased. This decrease
wag of approximetely the same order of megnitude at both of the two
stresses used when the results were consldered on a percentage basis.

One sample at each of the two stresses appeared to show some increase in
life as a result of the overheating. This was shown for the test which
recelived the maximnm number of overheats to 1 650° F under a stress of
34,000 psi at l 500° F and for the test which received the maximum number
of overheats to 1,800° F under a stress of 24,000 psi at 1,500° F. Con-
slderation of the creep data from these two tests, however, indicated
that these two points mey be the result of abnormally strong specimens,
and 1t is not belleved that they indicate a reverse in the trend of the
data as a result of prolonged overheating.

(2) Overheating cyclically to 1,900° or 2,000° F resulted in every
cage 1n an increase in 1life. The precentage lncrease was greater for
those tests which were run at 34,000 psi than for those which were run
at 24,000 psi. The actual difference at the two stress levels was not
great by comparison wlth the masgnitude of the effect itself. The differ-~
ence may reflect less benefit from overheating in tests at lower stress
and longer time, or some influence of the cycle frequency which was
employed, or & combination of the two. The amount of increase in life
which resulted from overheating to these temperatures was greater as the
amount of overheating was increased, and appeared to continue to increase
with further overheets over the entire range of overheat tlmes considered.

(3) One way to appreclate the magnitude of the effect of overheating
is to consider the change in rupture strengths at 1,500° F indicated by
the data. Figure 8 shows the curves of stress agalnst rupture time drawn
from results of the overheat tests for the maximum extrapolated effects
(1.e. ., for tests continuously overheated to rupture) compared with the
normal curve at 1,500° F for heat HT-28. The plotted points represent
the maxlmum average effect of overheating to 1,650° or 1,800° F where
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overheating resulted in damsge and the maxlimum average effect of over-
heating to 1,900° or 2,000° F where overheating resulted in an improve-
ment in rupture life. These curves were obtained from figure 7 by extra-
polation of the indicated curves to the maximum number of overheats which
could be obtained with the cycles employed. These curves indicate the
followlng values of rupture strengths for the conditions outlined above:

Stress for rupture, psi,
Overheat at 1,500° F, in. -
temperature, : ()
100 hr 1,000 hr
None 33,000 21,000
1,650 or 1,800 29,500 19,000
1,900 or 2,000 40,000 2k, 000

8These stresses assume a totel of 20 2-min overheats with 100-hr
rupture stress and 83 2-min overheats with 1,000-hr tests, according
to the ecycles outlined above.

These are the meximum effects indicated. Lesser amounts of over-
heating would change the strength less. Consideration of these rupture
strengths 1s perhaps more realistic than consideration of the rupture
times which are subject to much wider wvariations. It should also be
recognized that the frequency of overheating could influence the results,
and the above values are for the specific condlitions used in the tests.

(4) The data obtained on material preheated to the overheat tempera-
tires and then rupture-tested in a normal fashion at 34,000 psi and 1,5000 F
are presented in table V and are plotted for comparison in figure 7. The
preheat times selected were accumulated times at the overheat temperatures
which had given substantial effects In the cyclic overheats. All of these
tests resulted in rupture times shorter then that for a normal rupture
test at the same stress and temperature, with the higher temperatures of
preheating resulting in the shortest times. It had been previously noted
thet cyclic overheating for the same totel times at 1,900° and 2,000° F
resulted in an increase in life compared with that for a normal rupture
test. This Indicates that for the  strengthening effect to occur, the
overheating must be applied in fairly small increments with some inter-
vel of time at 1,500° F under stress between cycles.

(5) In all of the above cyclic tests, the load was removed during
the overhests, introducing the possibllity that the cyeling of the stress
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alone could heve had an effect on the rupture time. One test was run at
1,500° F and 24,000 psi in which the load was removed and reapplied at
1,500° F without changing the temperature at the same frequency as in
the cyeclle overheats at this stress. The rupture time obtailned of

382 hours was T8 percent of the normal time at this stress (teble IV
and flg. 7). This ls at the lower edge of the scatter band and may
posslbly indicate that there was some reduction in rupture life from
the load eycling.

Effect on elongetion of overheating in the absence of stress:
Measurements of total elongatlion at fracture are included In tables III
and IV for each condition of overheating. TFlgure 9 shows these data
for cyclie overheating in the absence of stress and for preheatling. The
following generalitles are 1ndicated:

(1) Overheating to 1,650° F at either of the two stresses used gave
elongatlion values in the range of values for normel rupture tests.

(2) Overheating to any of the other three temperatures resulted in
a decrease in elongatlion as the amount of overheating increased, with
the values belng definitely lower than the secatter band for normsl rup-
ture tests. This decrease in ductllity occurred at shorter times of
overheating for overheats to 1,800° F than it did for tests at the two
higher temperatures.

(3) Of the three tests which were preheated, one fell Just above
the normel range, and the other two were in the range.

(4) Although the load eycling at 1,500° F may have resulted in a
8light decrease in the rupture time, 1t di1d not affect the elongation.

Effect on creep curves of overheatlng in the absence of stress:
Creep data were taken for all tests. The time-elongatlon plots of these
data are presented in figures 10 and 11. In these figures the points
noted in the key as overheats represent the measurements taken before
and after one overheat cycle. Poilnts noted as standard creep readings
are routine measurements taken when overheats were not being applied.
In evaluating the data from these curves consideratlon must be glven to
the apparent varilation between samples which seems to exist. The fol-
lowing generalltles were developed after & critical evaluation of each
curve when 1t was consldered relatlve to the other curves from tests
under similar conditions. Ideally, of course, all of the curves for =a
glven overheat temperature should be i1dentlcal up to the point at which
the overheating was discontinued. Some deviation from this situation
is to be expected 1n any case, but when the magnitude of the difference
becomes large, allowance must be made in evaluating their significance.
On this basis then the following comments msy be made sbout these creep
curves:
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(1) Load cycling at 1,500° F (fig. 10) resulted in a creep curve
with & higher creep rate than did the normasl creep test at the same
stress. The difference in rate between these two tests 1is somewhat mar-
ginal in 1ts significance. The two curves do not differ by more than
could be expected for duplicate tests because of variation between sam-
Ples and do not indicete definitely that there was a significant effect
from the load cycling.

(2) The creep curves from tests run at 24,000 psl and overheated
twice a day in the absence of stress (figs. 11(a) to 11(d)) indicate the
following generel trends:

(a) Overheating to 1,650° or 1,800° F resulted in an immediate
increase in the creep rate. This increase continued so that the
curves remained sbove that for a normel creep test. Because of the
incompleteness of the data, the effect of discontinuing the over-
heating is not well esteblished.

(b) Overheating to 1,900° or 2,000° F resulted in a higher
creep rate in the early portion of the test than was shown by a
normal creep test. This rate, however, remained essentially the
same while the rate in the normal test increesed with time. Thus,
after sbout 200 hours of testing, the test on the specimen which